Metal Matrix Composites (MMCs) of the type Al/SiC or Al/Al 2 O 3 contain significant residual stresses due to different thermal expansion coefficients from the metal and ceramic constituents. They are believed to influence the mechanical properties of these materials to some extent -including changes in their failure behaviour. In this contribution, a physically based micromechanical approach is applied in order to study the influence of residual stresses on local as well as global properties of MMCs. A representative microstructural cut-out of an Al/10%SiCcomposite is carefully meshed with finite elements in order to take phase boundaries into account. This mesovolume possesses all characteristic features of the material, such as volume fraction, distribution characteristics as well as the shape of the particles. The deformation behaviour of this microstructure is analysed under large compressive external loading up to strains of about 10%. In addition, the failure behaviour is modelled using Rice&Tracey's damage parameter which was previously shown to model microstructural failure to a good approximation. It is found that although residual stresses do have some impact on failure initiation in the microstructure, strains due to external loading are much more of importance in this respect. In order to illuminate the influence of particle shape and arrangement, artificial two-dimensional microstructures are analyzed as well. It is found that real irregular particle shapes are much more prone to fracture as compared to artificial regular shapes and that particle allignments are not beneficial with respect to failure aspects. The results are given with respect to the maximum value and the distribution of the damage parameter. It is found that in most cases analyzed, damage follows the pattern of plastic deformation and is much less influenced by hydrostatic stresses than expected. Thus, damage nucleates between clusters of particles where shear deformation is concentrated in the matrix.
Introduction
The role of residual stresses on the mechanical behaviour of heterogeneous materials such as metal matrix composites (MMCs) has been known for a long time [1] . The source of residual stresses is the difference in thermal expansion coefficients between the matrix phase and the inclusions when cooling down from processing to room temperature and during subsequent external loading. Thus, micromechanical models were applied in the recent past in order to quantify their impact on macroscopic [2] as well as on microscopic [3] mechanical properties of MMCs. A main result of previous analyses showed that the overall mechanical behaviour of MMCs is changed by several percents in the regime of small external strains while at large strains this influence vanishes [4] .
However, it is yet unclear, how far microstructural aspects such as phase volume fractions, as well as size and shape of particles influence local fracture initiation. These aspects are of importance when the microstructure shall be optimized in order to obtain for instance better forming capabilities.
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The intention of this paper is thus to provide insights into the role of residual stresses on the global mechanical properties as well as on local properties of heterogeneous materials such as Al/SiC metal matrix composites.
Methods
The J2-flow theory of plasticity in conjunction with the von-Mises equivalent stress is used to characterize the rate-independent matrix material. The underlying geometry is a microstructure of size 100µm x 100µm. Residual stresses will be considered as from cooling down from 500 °C (where no residual stresses are assumed to be present) to room temperature. In fact, due to the temperature dependence of the yield stress, residual stresses will be smaller than calculated. Symmetry boundary conditions on two sides and plane borders which can move freely or as forced by up to 10% global compressive strain are applied.
Residual stresses in materials of the phases a and b can be given as average stresses in either phase, <s> a and <s> b , being composed of the average stresses s II over all grains of the corresponding phases. They are differentiated from peak stress values s III and overall stresses s I and add locally to the total stress value s = s I +s II +s III .
In order to characterize damage in the microstructure, a damage parameter is used here which goes back to the theory of Rice and Tracey [5] considering the growth of a spherical void and which was modified in order to take more general void formation into account [6] : (1) Here, h = s H / s v denominates the stress triaxiality composed of s H (hydrostatic stress) and s v (von-Mises stress) while e pl represents the plastic strain and A and B are material constants.
A is usually chosen in such a way that D=D c =1 in case of local failure. This parameter was found to work very good for Al/SiC composites where it was successfully applied to simulate microstrutural failure in agreement with experiments [7] .
The constants A and B can be obtained for steel StE 690 as A=17.29 and B=3.14 from damage curves in [8] as well as for Co in WC/Co [9] (A=1.41, B=1.46) and for pure Al [10] (A=51.42, B=3.48). A and B can be derived by a combination of experiment and the calculation of the respective field quantities (h, e pl ) for the case of the first appearance of voids [11] . Fig. 1 shows artificial microstructures in a 2D-model with square and round inclusions with the center of gravity at the same locations for comparison reasons. Other microstructures with differently orientated square and elliptical inclusions are meshed in the same manner. Inside the particles regular meshes with typically 30-40 finite elements are used, in the matrix the mesh is refined in the vicinity of the interface in order to take stress gradients into account.
In order to generate and to mesh such microstructures, a separate program was set up and connected with MSC/PATRAN [12] . A typical mesh of these mesostructures contains ~ 20,000 triangular 6-noded elements with approximately 78,000 degrees of freedom.
In the following, results will be presented for different inclusion shapes and arrangements. The material analysed is Al/SiC with elastic and elastic-plastic properties taken from [13] for Al/SiC. Residual stresses result from the different thermal expansion coefficients for Al (a Al = 23.0E-06 / K) and SiC (a SiC = 4.7E-06 / K). As a measure for the propensities of failure, the maximum damage parameters which appear after cooling down and external straining, respectively, are calculated. The location of D max has not necessarily to be identical in both cases (thermal-and thermo-mechanical loading).
Usually, only positive values of h in the matrix contribute to void formation. In this paper also negative values of h have been taken into account in Eq. 1, because strong plastic shearing in the matrix is supposed to contribute to damage in this case as well. Additionally, a comparison with the contribution of positive h-values will be made. Particle damage is not taken into account in this study as it appears rarely under compressive external loading in the MMCs under investigation. 
Results
In the following, results are presented with elastic-plastic material parameters for the system Al/10vol.%SiC and with values A=1.41 and B=1.46 as derived for Co in [9] . Fig. 2 (a-c) shows the distribution of the damage parameter value in compressive loaded microstructures with randomly arranged as well as with aligned square inclusions, the latter being loaded parallel or perpendicular to the inclusion alignments. Three observations can be made (it should be kept in mind that damage is due to the cooling process and external compressive loading up to 10%):
· The pattern of D-values reminds very much to the pattern of local shearing in random microstructures demonstrating the importance of shear for damage although on a low level as D max = 0.254, only. This maximum value appears at one of the crossing points of the "shear bands". · D max is found to be more than twice as high in the case of aligned particles loaded perpendicular to the alignments with the maximum values found between the particles in the alignments. · When aligned particles are loaded in the alignment direction, the maximum value D max is nearly 10 times as high as in the case of loading perpendicular to the alignments and is again located between particles in the alignments.
The change to round and elliptical particles of the same areal fraction (Fig. 2 , d-f) shows a similar D max -value when elliptical particles are orientated perpendicular to the loading direction and reduced values for round particles and for elliptical particles orientated in loading direction while the location of the maximum value D max is found to remain unchanged.
Similarly, the orientation of square inclusions can influence the D max -value significantly leading to the lowest values for the 45°-orientation when shear is less hindered, and to intermediate values in case of the 30°-orientations ( Fig. 3a, b ). As the deformation through plastic shearing is easier in case of a few large particles as compared to many small ones of the same area fraction ( Fig. 2d and Fig. 3c ), the value D max is also found to be decreased in this case. This demonstrates again the importance of the plastic strain component in Eq. 1 due to local shearing. However, the opposite is true if the few large particles become clustered (Fig. 3d) . In that case, local shearing is found in a narrow area between particles, which additionally experiences hydrostatic tensile stresses. Therefore, the D max -value increases.
Next a real microstructural cut-out as given in Fig. 4a is automatically meshed with ~ 21.000 finite elements as shown in Fig. 4b . The comparison (Fig. 4c) with square, circular and elliptical particles (Fig. 2) shows the following remarkable and important differences:
· Areas of clustered real particles give rise to increased failure probability, similar as for the case of clusters of ideal round particles. · This situation starts nearly simultaneously at several locations within the microstructure. Finally, residual stresses by themselves can be found to influence the matrix only in the close vicinity of the inclusions (Fig. 5 ). However, compared to the case of round inclusions the D maxvalue is more than 10 times as high for the real microstructure due to the particle clusterings. The results of the investigations are summarized in Fig. 6 where the maximum possible damage parameter values D max are given for pure thermal and for thermo-mechanical loading as a function of the inclusion shape, arrangement and orientation and in comparison with the real microstructure. In the artificial microstructures only very low values of D max are reached under thermal loading in contrast to the result for the real microstructure. Aligned quadratic inclusions are seen to be critical when loaded externally parallel to the alignments. The lowest damage potential in the matrix is found for randomly distributed inclusions, especially in case of round or favourably orientated (45°) square inclusions. The contribution of negative h-values is found to be neglectable in the case of residual stresses. In the case of external compressive loading, limited contributions of negative hvalues are found for randomly distributed inclusions (see right column of Fig. 6) . If damage is allowed to occur in the real microstructure of Al/10vol.%SiC, first damage is found to appear at 8% global strain and spreads through part of the clustered area when the microstructure is further strained up to 10% (Fig. 7) . The influence of residual stresses during failure has been taken into account. It has to be noted that at 10% global strain, damage also arises at several other locations inside the microstructure. A recent comparison for an Al/20vol.%SiC composite has shown good agreement of calculated and observed crack path [7] . Fig. 7 : Damage evolution in an Al/10vol.%SiC microstructure (see Fig. 4 ).
One of the fundamental problems in the analysis of metal matrix composites is to simulate the macroscopic behaviour correctly on a microscopic basis. This process is frequently called homogenization and can be done using real microstructural cut-outs or simple representative 420
Advances in Fracture and Damage Mechanics III volume elements (RVEs) containing just one inclusion. Real microstructures are appropriate to obtain additionally local field quantities present in the composite [14] . The advantage of single inclusion type RVEs are reduced computation times and modelling efforts. However, while real microstructural models automatically contain a large part of the complexity of the phase characteristics, simple RVEs can include the three-dimensionality in a much simpler way. A recently developed self-consistent numerical scheme was shown to be able in representing even the randomness of the particle distributions by some realistic averaging algorithm [15] . Moreover, a comparison with surface deformation characteristics showed even good agreement with local strain distributions, as measured in experiments [4] .
Conclusions
In this contribution it was shown from computer simulations of artificial and real 2Dmicrostructures based on the modified Rice & Tracey damage parameter with respect to the influence of residual stresses that when high external compressive stresses are applied: · random particle arrangements are less prone to damage in the matrix phase as compared to particle clustering such as in real microstructures · local damage initiation is strongly influenced by shear accumulation in the matrix. Therefore, crossing points of shear bands in the vicinity of particles with additional high stress triaxialities show peak values of the damage parameter D · facetted particles produce higher damage parameter values as compared to elliptical particles and to round particles (in this sequence for random particle arrangements) · aligned facetted particulate MMCs are more prone to damage in the matrix and show a better performance in this respect if loading is applied in the direction of particle alignment · facetted particles with facets aligned parallel to the shear direction behave better as compared to non-aligned facets · the influence of residual stresses on damage is strongly dependent on the load capability of the composite, i.e. the ratio of residual to applied stresses · negative h-values have a limited influence on the damage parameter D in the case of randomly distributed artificial inclusions.
